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This  study  examines  the  effect  of  calcium  oxide  (CaO)  addition  to  Ceo.9Gdo.1O1.95  (gadolinia-doped  ceria, 
GDC)  containing  500  ppm  Si02  on  grain-interior  and  grain-boundary  conduction.  The  GDC  can  be  used  as 
a  solid  electrolyte  for  intermediate  and  low-temperature  solid  oxide  fuel  cells.  Doping  with  >2  mol%  CaO 
results  in  a  decrease  in  apparent  grain-boundary  resistivity  at  300  °C  from  746.7  kQ  cm  to  2.8-3.5  kQ  cm. 
The  total  resistivity  exhibits  a  minimum  at  2  mol%  CaO.  Further  increase  in  CaO  concentration  to  10  mol% 
results  in  an  increase  in  grain-interior  resistivity  from  3.1  to  40  kQ  cm.  Although  most  of  the  CaO  is  incor¬ 
porated  into  the  GDC  lattice,  a  small  amount  of  CaO  scavenges  the  intergranular  siliceous  phase,  which 
leads  to  a  significant  increase  in  grain-boundary  conduction.  The  increase  in  grain-interior  resistivity  at 
high  CaO  concentration  is  attributed  to  defect  association  between  V0*#  and  CaCe". 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Gadolinia-doped  ceria  (GDC)  is  used  as  solid  electrolyte  in 
intermediate-  and  low-temperature  solid  oxide  fuel  cells  (IT- 
and  LT-SOFCs)  on  account  of  its  higher  ionic  conductivity  than 
yttria-stabilized  zirconia  (YSZ)  [1-11].  In  the  IT-  and  LT-regions, 
the  grain-boundary  is  ~102-105  times  more  resistive  than  the 
grain-interior  [1,11].  Two  main  origins  for  high  grain-boundary 
resistivity  are  the  space-charge  layer  near  the  grain-boundary  and 
the  siliceous  intergranular  phase. 

A  positively  charged  grain-boundary  core  is  formed  in  pure 
GDC  materials  due  to  the  different  formation  energies  of  individ¬ 
ual  defects  [11,12],  which  lead  to  the  depletion  of  oxygen  vacancies 
and  the  accumulation  of  acceptors  near  the  boundary.  On  the 
other  hand,  it  has  been  reported  [1,13-17]  that  even  a  few  ppm 
of  Si02  impurity  significantly  deteriorates  ionic  conduction  across 
the  grain-boundary.  It  is  very  difficult  to  exclude  this  extrinsic  effect 
completely  given  that  Si02  is  a  ubiquitous  impurity  that  can  be 
included  during  ceramic  processing,  forming,  firing  and  the  oper¬ 
ation  of  fuel  cells  [1].  In  addition,  cathode  performance  can  be 
affected  by  the  siliceous  impurity  [18]. 
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An  improvement  in  grain-boundary  conduction  is  essential 
to  increase  the  energy-converting  efficiency  of  LT-  and  IT-SOFCs. 
Flence,  scavenging  of  the  harmful  siliceous  phase  at  the  grain¬ 
boundary  is  indispensable.  In  the  well-established  stabilized 
zirconia  system,  several  studies  have  examined  ways  to  improve 
grain-boundary  conduction  [19-26].  Representative  approaches 
include  scavenging  of  the  harmful  siliceous  phase  using  oxide 
additives  [19-23]  and  a  change  in  the  intergranular  phase  from 
a  continuous  or  wetting  configuration  to  a  discrete  or  de-wetting 
alternative  [24-26].  In  contrast,  studies  on  improving  the  grain¬ 
boundary  conduction  in  an  acceptor-doped  ceria  system  are  in  their 
initial  stages. 

Lane  et  al.  [27]  reported  that  grain-boundary  conduction  can 
be  enhanced  substantially  by  adding  CaO  and  SrO.  The  present 
authors  [28,29]  briefly  examined  the  corresponding  mechanisms. 
Nevertheless,  the  incorporation  of  CaO  into  the  GDC  lattice,  the 
effect  of  CaO  addition  on  the  grain-interior  and  grain-boundary 
conduction,  and  the  conduction  mechanism  of  CaO-doped  GDC 
specimens  are  not  completely  understood.  Recently,  the  present 
authors  [30]  reported  that  the  solubility  limit  of  MgO  in  the  GDC 
lattice  is  <~0.1  mol%  and  the  siliceous  intergranular  phase  is  readily 
scavenged  by  a  reaction  with  a  second  phase,  MgO.  By  contrast,  the 
solubility  of  CaO  in  GDC  is  expected  to  be  relatively  high  given  that 
the  ionic  radius  of  Ca2+  ( 1.1 2  A)  at  a  coordination  number  of  8  is  sim¬ 
ilar  to  those  of  Gd3+  (1.06  A)  and  Ce4+  (0.97  A)  [31].  This  indicates 
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that  the  optimum  doping  concentration  for  effective  scavenging 
and  the  scavenging  mechanism  will  both  be  different  on  doping 
with  CaO. 

In  this  study,  1-10  mol%  CaO  is  added  to  a  500-ppm-Si02-doped 
Ceo.9Gdo.1O1.95  (GDC)  specimens,  and  the  effect  of  CaO  doping 
on  grain-interior  and  grain-boundary  conduction  is  investigated 
systematically.  Major  focus  is  placed  on  the  following:  the  incorpo¬ 
ration  of  CaO  into  the  GDC  lattice,  the  formation  of  a  second  phase, 
microstructural  evolution,  the  effective  concentration  window  of 
CaO  doping,  and  the  scavenging  mechanism. 

2.  Experimental 

Pure  GDC  (Ceo.9Gdo.1O1.95,  99.9%,  Anan  Kasei  Co.,  Japan)  was 
used  as  a  raw  material.  500  ppm  (by  wt.%)  Si02  impurity  was 
added  by  diluting  a  Si02  sol  (ST-0,  Nissan  Chemical  Co.,  Japan) 
to  0.02  wt.%  Si02  with  ethanol,  and  ball-milling  a  mixture  of  GDC 
powder,  dilute  Si02  sol,  and  ethanol  for  24  h.  The  0-10  mol%  Ca- 
component  was  added  by  dissolving  the  corresponding  amount  of 
Ca(CH3COO)2  (99%,  Sigma-Aldrich  Inc.,  USA)  in  ethanol  and  mix¬ 
ing  it  with  500ppm-SiO2-doped  GDC  powder  (denoted  as  GDCSi) 
by  ball-milling.  After  drying,  pulverization  and  compaction,  the 
specimen  was  sintered  at  1500  °C  for  4  h. 

Table  1  shows  the  specifications,  compositions,  densities  and 
average  grain  sizes  of  the  samples.  After  fabricating  the  Pt  electrode, 
the  complex  impedance  was  measured  at  300  °C  in  air  using  an 
impedance  analyzer  (Alpha-N,  Nobo  control,  Germany).  Herein,  for 
simplicity,  the  sintered  GDCSi  specimens  doped  with  x  mol%  of  CaO 
are  denoted  as  ‘GDCSi-xCa’.  For  example,  a  GDCSi-5Ca  specimen  is 
a  5  mol%  CaO-doped  Ceo.9Gdo.1O1.95  specimen  containing  500  ppm 
Si02. 

To  confirm  the  validity  of  CaO  as  a  scavenger  material,  the 
undoped  and  2-mol%-CaO-doped  Ceo.8Gdo.2O19  specimens  con¬ 
taining  500  ppm  Si02  was  also  prepared  by  ball-milling  a  mixture  of 
Gd203  (99.99%,  Sigma-Aldrich  Inc.,  USA),  Ceo.9Gdo.1O1.95  powder, 
and  dilute  Si02  sol.  The  powders  were  sintered  at  1500  °C  for  4h 
and  compacted.  The  resultant  specimens  are  denoted  as  20GDCSi 
and  20GDCSi-2Ca,  respectively. 

3.  Results  and  discussion 

Complex  impedance  spectra  of  the  undoped  and  500  ppm 
Si02-doped  GDC  (GDCpure  and  GDCSi)  specimens  were  obtained 
at  300  °C  (Fig.  1).  The  three  contributions  at  low  frequency  are 
those  from  electrode  polarization,  the  grain-boundary  and  the 
grain-interior.  The  grain-interior  resistivity  (pgi),  apparent  grain¬ 
boundary  resistivity  (,0gPP),  and  total  resistivity  (ptot  =  Pg[  +  Pg£p) 
are  obtained  by  deconvoluting  the  impedance  spectra.  The 


Table  1 

Specification,  density  and  average  grain  size  of  specimens  all  sintered  at  1500  °C  for 
4h 


Specimen 

Composition 

Density3 

(gem-3) 

dgb  (pan) 

GDCpure 

10GDC 

7.15 

2.3 

GDCSi 

10GDC  +  500ppm  Si02c 

7.21 

1.8 

GDCSi-ICa 

10GDC  +  500  ppm  Si02  + 1  mol%  CaO 

7.06 

4.4 

GDCSi-2Ca 

10GDC  +  500  ppm  Si02  +  2  mol%  CaO 

6.96 

4.5 

GDCSi-5Ca 

10GDC  +  500  ppm  Si02  +  5  mol%  CaO 

6.74 

4.8 

GDCSi-7Ca 

10GDC  +  500  ppm  Si02  +  7  mol%  CaO 

6.74 

7.5 

GDCSi-8.5Ca 

10GDC  +  500  ppm  Si02  +  8.5  mol%  CaO 

6.39 

6.0 

GDCSi-lOCa 

10GDC  +  500  ppm  Si02  + 10  mol%  CaO 

6.02 

6.0 

a  Apparent  density  measured  by  Archimedes’  method. 
b  Average  grain  size  measured  by  linear  intercept  method. 
c  By  weight  %. 


Fig.  1.  Complex  impedance  spectra  of  (a)  pure  GDC  and  (b)  GDC +  500  ppm  Si02 
specimens  at  300  °C  in  air. 

value  of  the  GDCpure  specimen  is  1.2k£2cm  whereas  that  of 
the  GDCSi  specimen  is  747  kQ  cm.  The  approximately  600  times 
increase  in  p^pp  caused  by  the  addition  of  500  ppm  Si02  clearly 
indicates  that  the  siliceous  impurity  deteriorates  seriously  the  ionic 
conduction  across  the  grain-boundary. 

CaO  (l-10mol%)  was  added  to  the  GDCSi  specimens,  and  the 
complex  impedance  spectra  were  measured  at  300  °C  (Fig.  2).  Fig.  3 
shows  a  plot  of  the  pgi,  p^p,  and  ptot  values  deconvoluted  from 
the  impedance  spectra.  The  pgi  value  of  the  GDCSi-ICa  specimen 
is  3.3  cm  (Fig.  2(a)),  which  is  similar  to  that  (3.2  k^  cm)  of 
the  GDCSi  specimen  (Fig.  1(b)).  On  the  other  hand,  the  pgi  value 
increases  gradually  to  40  kQ  cm  with  increasing  CaO  concentration 
up  to  10mol%. 

A  more  drastic  change  is  found  in  p^pp.  The  value  of  the  GDCSi- 
lCa  specimen  is  33.1  k£2cm,  which  is  approximately  4.4%  of  that 
obtained  for  the  GDCSi  specimen.  It  decreases  further  to  2.8  kQ  cm 
when  2mol%  CaO  is  added.  This  corresponds  to  only  0.38%  of 
the  Pg£p  value  for  the  GDCSi  specimen.  The  values  remain  similar 


Fig.  2.  Complex  impedance  spectra  of  (a)  GDCSi-ICa,  (b)  GDCSi-2Ca,  (c)  GDCSi-5Ca, 
(d)  GDCSi-7Ca  and  (e)  GDCSi-lOCa  specimens  at  300  °C  in  air. 
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Ca  contents  [mol  %] 

Fig.  3.  Grain-interior,  apparent  grain-boundary  and  total  resistivity  (pgi,  p*pp  and 
ptot  =  Pgi  +  Pg£P)  °f  GDCSi  specimens  at  300 °C  as  function  of  CaO  concentration. 


(3-3.5  k£2  cm)  when  doped  with  >2  mol%  CaO.  This  shows  that  the 
addition  of  >2  mol%  CaO  improves  the  grain-boundary  conduction 
of  GDC  electrolytes  that  contain  a  small  amount  of  siliceous  phase 
but  deteriorates  the  grain-interior  conduction.  Consequently,  the 
total  resistivity  (ptot)  exhibits  a  minimum  when  doped  with  2  mol% 
CaO  (Fig.  3). 

The  Pg£p  value  is  calculated  from  the  dimensions  of  the  elec¬ 
trode  area  (A)  and  sample  thickness  ( t),  not  from  the  geometry  of  the 
grain-boundaries.  Therefore,  in  order  to  elucidate  the  real  change  in 
the  grain-boundary  conduction,  the  specific  grain-boundary  con¬ 
ductivity  (//£)  should  be  estimated  from  the  geometry  of  the 
grain-boundary.  Precise  estimation  of  the  thickness  of  the  resis¬ 
tive  intergranular  phase  is  hampered  by  the  distribution  of  the 
space-charge  layer,  grain-boundary  structure,  and  the  configura¬ 
tion  of  the  intergranular  phase.  Haile  et  al.  [32]  suggested  that  an 
approximate  value  could  be  calculated  from  the  ratio  of  the 
capacitances  of  the  grain-interior  and  grain-boundary  under  the 
following  assumptions:  (i)  a  brick  layer  model;  (ii)  pj)p  »  pgi;  (iii) 
grain  size  (dg) »  grain-boundary  thickness  (<$gb);  (iv)  permittivity  of 
grain-boundary  phase  (£gb)  =  permittivity  of  grain-interior  phase 

(£gi)' 

The  Pg£  values  are  calculated  from  Figs.  1  and  2,  and  the  results 
are  presented  in  Fig.  4(a).  The  p^p  value  of  the  GDCSi  specimen 
is  369.0  M£2  cm  and  shows  that  the  grain-boundary  is  1.2  x  105 
times  more  resistive  than  the  grain-interior.  By  contrast,  the  p*p 
value  of  the  2  mol%  CaO-doped  GDCSi  specimen  is  3.2  cm.  The 
addition  of  more  CaO  tends  to  increase  the  p^p  value  slightly  even 
though  there  are  slight  fluctuations  in  the  data  (Fig.  4(a)).  In  order 
to  quantify  the  effect  of  CaO  addition  on  the  enhancement  of  grain¬ 
boundary  conduction,  the  scavenging  factor  (SF)  is  calculated  using 
the  following  equation: 


SF  = 


Pgpb(BS) 

^b(AS) 


where  PgP(BS)  and  p^p(AS)  are  the  specific  grain-boundary  resis¬ 
tivity  before  and  after  the  scavenging  reaction.  For  example,  the  SF 
value  for  the  GDCSi-ICa  specimen  can  be  calculated  by  the  ratio 
between  PgP(GDCSi)  and  PgP(GDCSi-lCa).  The  results  are  shown  in 
Fig.  4(b).  It  should  be  noted  that  the  SF  values  increase  abruptly 
to  ~120  when  doped  with  2mol%  CaO  and  then  decrease  gradu¬ 
ally  to  ~60  on  the  further  addition  of  CaO.  This  means  that  the 
grain-boundary  conductivity  is  increased  ~120  times  by  the  addi¬ 


Fig.  4.  (a)  Specific  grain-boundary  resistivity  (p*p)  of  GDCSi  specimens  with  varia¬ 
tion  in  CaO  concentration  at  300  °C  and  (b)  ratio  between  specific  grain-boundary 
resistivity  before  and  after  scavenging  (PgP(BS)/PgP(AS)). 


tion  of  2  mol%  CaO.  Moreover,  the  enhancement  of  grain-boundary 
conduction  is  still  very  high  (~60  times)  even  when  10mol%  CaO 
is  added.  This  suggests  that  the  significant  enhancement  in  grain¬ 
boundary  conduction  by  the  addition  of  >2  mol%  CaO  is  not  due 
to  a  change  in  grain-boundary  density  (D)  but  to  a  change  in  the 
physico-chemical  properties  of  the  grain-boundary. 

The  X-ray  diffraction  (XRD)  patterns  of  all  the  specimens  report 
a  pure  cubic  structure  with  no  secondary  phases  (data  not  shown). 
The  lattice  parameters  of  the  specimens  are  calculated  using  a  Si 
internal  standard  and  are  plotted  in  Fig.  5.  In  general,  the  lattice 
parameters  increase  with  increasing  CaO  concentration.  This  indi¬ 
cates  that  most  of  the  CaO  is  incorporated  into  the  GDC  lattice, 
which  is  feasible  given  that  the  ionic  radius  of  Ca2+  (1.12  A)  at  a 
coordination  number  8  is  slightly  larger  than  those  of  Gd3+  (1.06  A) 
and  Ce4+  (0.97  A)  [31].  In  addition,  it  was  reported  [33]  that  up  to 
~23  mol%  CaO  can  dissolve  into  a  pure  Ce02  lattice.  From  closer 
inspection  of  the  data  in  Fig.  5,  however,  it  is  found  that  the  lattice 
parameters  below  2mol%  CaO  increase  slightly  or  remain  simi- 


Fig.  5.  Lattice  parameters  of  GDCSi  specimens  doped  with  0-10  mol%  of  CaO.  Lattice 
parameters  determined  using  internal  Si  reference. 
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Fig.  6.  Scanning  electron  micrographs  of  (a)  GDCSi-2Ca,  (b)  GDCSi-5Ca  and  (c) 
GDCSi-lOCa  specimens  sintered  at  1500  °C  for  4  h. 

lar.  This  indicates  that  the  small  amount  of  CaO  is  mainly  used 
to  scavenge  a  siliceous  intergranular  phase  and  that  CaO  can  be 
incorporated  into  the  interior  of  GDC  after  scavenging. 

Lane  et  al.  [27]  prepared  a  l-mol%  CaO-doped  GDC  specimen 
containing  siliceous  impurity  by  sintering  at  1450  °C  for  4h.  From 
frequent  observations  of  the  second  phases  containing  Si  and  Ca  at 
the  triple-phase  boundaries,  they  proposed  scavenging  of  siliceous 
impurities  by  a  reaction  with  CaO.  In  the  study  reported  here,  the 
presence  of  a  second  phase  has  been  checked  by  scanning  electron 
microscopy  (Fig.  6).  For  the  GDCSi-2Ca  specimen,  it  is  difficult  to 
find  a  second  phase,  and  the  microstructure  is  homogeneous.  This 
indicates  that  the  amount  of  the  Si02 -containing  second  phase  is 
extremely  small  or  absent.  A  higher  sintering  temperature  ( 1 500 0 C) 
might  lead  to  a  higher  level  of  CaO  incorporation.  Different  impu¬ 
rity  contents  of  the  specimens  or  different  mixing  levels  can  play 
another  role.  In  a  previous  contribution  [28],  the  grain-boundary 
structures  of  the  GDCSi  and  GDCSi-2Ca  specimens  were  compared 
using  transmission  electron  microscopy.  The  addition  of  2  mol% 
CaO  resulted  in  approximately  50-80%  of  the  grain-boundaries 
changing  from  a  less  coherent  random  structure  to  a  more  coher¬ 
ent  faceted  one.  Therefore,  along  with  nano-scale  scavenging  of 
the  siliceous  phase  by  CaO,  a  decrease  in  siliceous  grain-boundary 


segregation  due  to  the  coherent  grain-boundary  structure  was  sug¬ 
gested  as  another  possible  reason  for  the  enhanced  grain-boundary 
conduction. 

Small  secondary  particles  containing  Si02  and  CaO  were 
observed  at  CaO  >  5  mol%  (indicated  by  the  white  arrows  in  Fig.  6(b) 
and  (c)).  This  suggests  that,  although  most  of  the  CaO  is  incor¬ 
porated  into  the  GDC  lattice,  there  is  a  very  small  amount  of 
CaO-containing  second  phase  that  readily  scavenges  the  intergran¬ 
ular  siliceous  phase.  The  resulting  second  phase  is  considered  to  be 
thermodynamically  stable. 

The  undulated  form  of  the  grain-boundary  in  the  GDCSi-lOCa 
specimen  (see  the  black  arrows  in  Fig.  6(c))  should  be  noted.  This 
is  representative  of  a  diffusion-induced  grain-boundary  migra¬ 
tion  (DIGM)  phenomenon.  A  more  detailed  study  will  be  needed 
to  confirm  this  possibility.  In  the  specimen  with  DIGM,  a  new 
solid  solution  with  a  different  composition  is  formed  behind 
the  migration  boundary  [34].  Accordingly,  the  specimen  becomes 
compositionally  heterogeneous  across  the  migrating  boundary. 
Nevertheless,  the  pgi,  AEgi,  and  AEgb  values  of  the  GDCSi-lOCa 

specimen  do  not  change  abruptly.  Thus  compositional  hetero¬ 
geneity  does  note  have  a  significant  effect  on  grain-interior  or 
grain-boundary  conduction. 

Eight  complex  impedance  spectra  for  0,  2,  5  and  10  mol%  CaO- 
doped  GDCSi  specimens  were  obtained  at  300-400 °C,  and  the 
apparent  activation  energy  for  conduction  in  the  grain-interior 
( AEgi)  and  grain-boundary  (AEgb)  were  calculated  from  the  slopes 
of  the  linear  plots  between  ln(crT)  and  (1/T).  Fig.  7  shows  the 
results  for  GDCSi  and  GDCSi-2Ca  specimens,  whereas  the  AEgi  and 
AEgb  values  for  all  the  specimens  as  a  function  of  CaO  concentra¬ 
tion  are  given  in  Fig.  8.  The  AEgi  value  for  the  GDCSi  specimen 
is  0.723  ±0.006  eV,  and  increases  gradually  to  0.998  ±  0.008  eV 
with  increasing  CaO  concentration.  In  the  literature,  the  grain- 
interior  conductivity  in  the  CaO-Ce02  system  shows  a  maximum 
at  5-10  mol%  CaO  and  decreases  rapidly  at  15mol%  [31].  The 
behaviour  was  attributed  to  defect  association  between  CaCe" 
and  V0##.  In  this  CaO-GDC  system,  [V0** ]  will  also  increase  with 
increasing  CaO  concentration.  The  lattice  mismatch  between  Ca2+ 
(1.12  A)  and  Ce4+  (0.97  A)  is  higher  than  between  Gd3+(1.06A) 
and  Ce4+(0.97A),  and  the  electrostatic  attraction  between  CaCe" 
and  V0*#  is  stronger  than  between  GdCe'  and  V0##.  Therefore,  the 
defect  association  between  CaCe"  and  V0##  is  expected  to  be  easier 
than  between  GdCe'  and  V0*#,  and  [Cace^-Vo**]  will  increase  with 
increasing  CaO  concentration.  In  this  respect,  the  increase  in  pgi  and 
A£gi  values  at  the  higher  CaO  concentration  can  be  understood  by 
the  defect  association. 


Fig.  7.  ln( crT)  as  function  of  1/7  for  (a)  GDCSi  and  (b)  GDCSi-2Ca  specimens. 
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The  AEgb  value  of  the  GDCSi  specimen  is  1.020  ±  0.006  eV,  which 
is  substantially  higher  than  the  AEgi  value  (0.723  ±0.006  eV). 
Zhang  et  al.  [35]  prepared  Cei_xGdx02_5  (0.0  5<x<0.3)  specimens 
by  oxalate  co-precipitation  and  measured  their  ionic  conductivity. 
The  AEgb  and  AEgi  values  for  the  Ceo.9Gdo.1O1.95  specimen  were 
approximately  0.96  and  0.67  eV,  respectively;  the  findings  are  con¬ 
sistent  with  those  presented  here.  The  slightly  higher  AEgb  value 
in  this  study  is  attributed  to  greater  blocking  of  ionic  conduction 
by  the  siliceous  intergranular  phase. 

The  A£gb  value  decreases  to  0.914  ±  0.009  eV  by  doping  with 
2mol%  CaO  (Figs.  7  and  8),  but  increases  again  to  1.049  ±0.014, 
1.085  ±  0.014  and  1.141  ±  0.045  eV  when  the  CaO  concentration  is 
increased  to  5,  7  and  10mol%  (Fig.  8),  respectively.  Two  opposite 
tendencies  suggest  that  CaO  plays  a  dual  role  in  grain-boundary 
conduction.  First,  the  decrease  in  the  AEgb  on  doping  with  2  mol% 
CaO  can  be  attributed  to  removal  of  the  resistive  siliceous  phase 
at  the  grain-boundary  by  a  scavenging  reaction.  The  ps^  values  of 
the  5-10  mol%  CaO-doped  GDCSi  specimens  are  still  much  lower 
than  that  of  the  GDCSi  specimen,  which  suggests  that  scavenging 
of  the  siliceous  phase  is  valid.  On  the  other  hand,  p*p  values  at 
>5  mol%  CaO  tend  to  increase  slightly  even  though  the  increments 
are  not  large  (Fig.  4(a)).  This  cannot  be  explained  by  a  scavenging 
reaction  because  a  higher  CaO  concentration  would  be  more  advan¬ 
tageous  if  it  is  assumed  that  the  scavenging  of  a  siliceous  phase 
occurs  only  through  a  CaO-containing  second  phase  (as  indicated 
in  Fig.  6(b)  and  (c)).  The  increase  in  p*p  and  AEgb  values  at  >2  mol% 
CaO  can  be  understood  by  a  change  in  the  space-charge  layer.  It  has 
been  reported  that  enrichment  of  oxygen  vacancies  at  the  grain¬ 
boundary  cores  in  acceptor-doped  ceria  leads  to  an  accumulation 
of  acceptors  with  an  effective  negative  charge  and  a  depletion  of 
oxygen  vacancies  with  an  effective  positive  charge  near  the  bound¬ 
ary.  The  addition  of  CaO  generates  Cace"  and  V0#*  that  can  alter 
the  structure  of  the  space-charge  layer.  Gd3+  shows  an  almost  per¬ 
fect  match  with  the  Ce02  lattice.  By  comparison,  incorporation  of 
the  slightly  larger  Ca2+  into  the  Ce02  lattice  can  develop  a  small 
amount  of  lattice  mismatch  which,  in  turn,  can  enhance  acceptor 
accumulation  and  oxygen  vacancy  depletion.  Moreover,  the  higher 
electrostatic  interaction  between  CaCe"  and  V0##  compared  with 
that  between  Gdce'  and  V0##  can  also  promote  acceptor  accumu¬ 
lation.  In  this  respect,  the  change  in  the  space-charge  layer  can 
explain  the  increase  in  p^  and  AEgb  for  specimens  doped  heavily 
with  CaO. 


Fig.  8.  Apparent  activation  energies  for  conduction  in  grain-interior  and  grain¬ 
boundary  (A£gi  and  A£gb)  determined  from  plot  of  ln( crT)  vs.  (1/7)  at  300-400  °C. 


Fig.  9.  Complex  impedance  spectra  of  (a)  20GDCSi  and  (b)  20GDCSi-2Ca  specimens 
at  300  °C  in  air. 

Since  Ceo.sGdo^Oi.g  can  be  employed  as  a  solid  electrolyte  for 
SOFCs,  the  validity  of  CaO  as  a  scavenger  in  Ceo.8Gdo.2O19  was 
also  investigated.  For  this,  the  impedance  spectra  of  undoped  and 
2-mol%-CaO-doped  Ceo.8Gdo.2O19  specimens  containing  500  ppm 
Si02  (denoted  as  20GDCSi  and  20GDCSi-2Ca)  at  300  °C  were  com¬ 
pared  (Fig.  9).  The  pgi  values  of  the  20GDCSi  and  20GDCSi-2Ca 
specimens  are  8.3  and  14.6  k£2  cm,  respectively.  These  values  are 
higher  than  that  of  the  GDCSi  specimen  (3.2  k£2  cm,  see  Fig.  1(b)). 
The  p|J£p  value  of  the  20GDCSi  specimen  is  88.5k£2cm  (Fig.  9(a)). 
Although  this  value  is  ~12%  of  that  of  GDCSi  specimen  (747  k£2  cm), 
it  is  still  10.7  times  higher  than  the  pgi  value  (8.3  k£2  cm),  which 
means  that  the  apparent  grain-boundary  resistivity  dominates  the 
total  resistivity.  The  pjjpp  value  of  the  20GDCSi-2Ca  specimen  is 
7.8  k^  cm  (Fig.  9(b)),  which  corresponds  to  11.3  times  increase  in 
the  apparent  grain-boundary  conduction.  This  shows  that  the  addi¬ 
tion  of  CaO  significantly  enhances  grain-boundary  conduction  in 
Ceo.sGdo^Oi.g. 

4.  Conclusions 

CaO  (l-10mol%)  has  been  added  to  Ceo.9Gdo.1O1.95  specimens 
containing  500  ppm  Si02.  Doping  with  >2  mol%  CaO  enhances  the 
grain-boundary  conduction  by  up  to  120  times.  By  contrast,  the 
grain-interior  resistivity  increases  with  increasing  CaO  concentra¬ 
tion  to  10mol%.  The  formation  of  an  intergranular  second  phase 
containing  Si02  and  CaO  at  5-10  mol%  doping  indicates  that  a  small 
concentration  of  CaO  plays  the  role  of  a  scavenger,  even  though 
most  of  the  CaO  is  incorporated  in  the  GDC  lattice.  Scanning  election 
microscopic  analysis  and  the  activation  energies  for  conduction 
in  the  grain-interior  and  grain-boundary  suggest  a  dual  role  for 
CaO  in  grain-boundary  conduction,  namely:  (1)  mitigation  of  the 
siliceous  intergranular  phase  by  a  scavenging  reaction;  (2)  a  change 
in  the  space-charge  layer  into  a  more  resistive  configuration.  The 
optimum  CaO  concentration  for  an  effective  scavenging  reaction 
without  degrading  the  grain-interior  conduction  is  2  mol%. 
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